Adaptive nanocomposite coating materials that automatically and reversibly adjust their surface composition and morphology via multiple mechanisms are a promising development for the reduction of friction and wear over broad ranges of ambient conditions encountered in aerospace applications, such as cycling of temperature and atmospheric composition. Materials selection for these composites is based on extensive study of interactions occurring between solid lubricants and their surroundings, especially with novel in situ surface characterization techniques used to identify adaptive behavior on size scales ranging from 10 −10 to 10 −4 m. Recent insights on operative solid-lubricant mechanisms and their dependency upon the ambient environment are reviewed as a basis for a discussion of the state of the art in solid-lubricant materials.
Introduction to Solid Lubrication
The liquid lubricant that comes in a spray can fights friction between sliding contacts in a few ways, but primarily by velocity accommodation between surfaces in relative motion by shearing of the oil molecules across the solid-liquid-solid interface on the freshly sprayed parts. Most liquid lubricants that operate on this principle will volatilize in vacuum or elevated temperatures, which can lead to failure of not only the lubricated component, but also distant, unrelated components if the vapor from the liquid condenses or reacts on their surfaces (4, 5) . Furthermore, decomposition products of oils at elevated temperatures can build up at interfaces and inhibit lubrication effects in a process referred to as coking (6) . Solid lubricants are therefore employed in applications that are expected to operate in extremes of ambient pressure (such as the vacuum of space) or temperature, because their vapor pressure is ordinarily sufficiently low that sublimation does not contribute to their degradation while in use. For most applications, qualification of a material as a useful solid lubricant requires a reduction of the friction coefficient (the ratio of the shear stress of the contact surface to the applied normal load) in its presence to a value of <0.1 to 0.2. If the friction coefficient is higher, irreversible deformation of the contact surfaces is likely to occur (7, pp. 81-85; 8, 9) . The rate at which the material is removed from a friction contact is also important. Wear from sliding contacts generally occurs through one or more of the following modes: abrasive wear, in which a hard counterface plows grooves into a softer surface; adhesive wear, in which material is taken away as it literally adheres to a counterface in relative motion; and/or fatigue wear, in which repeated stressing of a surface results in subsurface fracture and removal of material (10) . Wear rates are typically quantified in terms of the volume of material removed by the opposing surface in contact with the solid lubricant (or counterface), normalized by the load and the total distance traversed on the solid-lubricant surface by the wear counterpart. A solid lubricant is considered to have moderate wear resistance if it demonstrates a wear rate between 10 −6 and 10 −5 mm 3 N −1 m −1 . The lower limit of solid-lubricant wear rates is ≈10 −11 mm 3 N −1 m −1 (11) . As a reference to the reader, a wear rate of 1 × 10 −7 mm 3 N −1 m −1 represents an average removal rate of less than 1 atomic layer per 1-cm pass of a counterpart with a 5-N load. Singer et al. (12) point out that even at this relatively low wear rate, the cylinder lining of an automobile engine Intrinsic lubricant: a lubricant that demonstrates low shear with no influence from its surroundings (i.e., vacuum)
Extrinsic lubricant: a lubricant that requires an additive from the ambient environment (e.g., water vapor) to provide low shear Transition-metal dichalcogenides (TMD): materials such as MoS 2 that possess a layered atomic structure with weak chemical bonding between layers block would cease to allow sufficient compression after fewer than 100 miles of ordinary driving, suggesting that liquid lubrication should be selected if the application allows. Wear rates are often nonlinear. For example, sputtered coatings of MoS 2 with a particular microstructure demonstrate rapid wear over the first few thousand sliding cycles but then maintain very low wear rates for up to millions of cycles (13) . Most of the adaptive coatings reviewed here rely on mechanisms activated by the wear process and therefore undergo brief periods of high wear as ambient conditions change. Because of the dynamic nature of wear, sometimes a more meaningful steady-state wear rate, which is measured only after the surfaces in the friction contact have stabilized in terms of their morphology and composition, is reported. The onset of the steady-state wear regime is best identified with an in situ measurement technique during wear tests, as described below.
Slippery solids fall into one of two categories: intrinsic lubricants, with an atomic structure near the surface that shears easily to facilitate interfacial sliding, or extrinsic lubricants, which require the influence of an additive provided by the surroundings to activate a shear mechanism. The development of coatings that can adapt from terrestrial air (with water vapor present) to space, or from ambient temperature to 1000
• C in air, requires a thorough understanding of both types of lubrication. The intent of the remainder of this section is not to give a detailed review of single-phase solid lubricants but to provide sufficient information to prepare the reader to better understand some of the mechanisms occurring in adaptive composite materials related to those occurring in common, single-phase lubricants. Only those mechanisms operative in adaptive coatings are discussed in the context of seminal works from the past combined with more recent works.
Intrinsic Solid Lubricants
Examples of intrinsic lubricants include soft metals such as Au or Pb and transition-metal dichalcogenides (TMDs) such as MoS 2 and WS 2 -all of which have a low shear strength [τ = 1-2 MPa (14) ] in the absence of significant concentrations of surrounding molecules (i.e., in vacuum). MoS 2 is the most commonly used intrinsic solid lubricant, and many comprehensive studies and reviews of its properties and performance have been published over the past 40 years (10, (15) (16) (17) (18) . In its sputter-deposited thin-film form, MoS 2 has a combination of properties that are difficult to match (8) but atomic-scale mechanisms that have been hard to uncover because of the difficulty associated with analyzing buried contact interfaces. Before the advent of sputter deposition, MoS 2 coatings were applied by burnishing powders on surfaces or by spraying suspensions of solid particles in solvent (19) . Regardless of the application technique, the anisotropy of the hexagonal MoS 2 crystal gives rise to its easy-shear surface, wherein stacks of S-Mo-S planes, possessing strong, covalent in-plane bonding but weaker van der Waals bonding between atomic sheets, allow easy shear of atomic planes. Although easy shear occurs only between basal planes, the material need not start with its basal planes oriented parallel to the surface [that is, with preferential (002) crystalline orientation] because the atomic planes will self-align in the friction contact via one of the two microstructurally dependent mechanisms shown in Figure 1 .
MoS 2 coatings of low relative density are commonly composed of freestanding columnar grains or platelets with a 50-500 nm diameter and a length comparable to the thickness of the film. These platelets grow naturally after deposition of a 5-20-nm-thick film of (002)-oriented material adjacent to the coating substrate interface (18, 20) . The platelets generally comprise S-Mo-S planes oriented perpendicular to the substrate [that is, in the (100) orientation]; the exposed edges of these atomic planes yield a high surface energy (25,000 mJ m −2 ) (21) and adhere well to contacting surfaces (8) . Rapid wear occurs early in the life of the coating material by deformation of these long grains that remain in the wear track, where they are bent 90
• , reorienting the (002) atomic planes parallel to the surface after rubbing (22) . The grains can also fracture and become loose particles that are extruded from the wear track, leaving a relatively thin (<200-nm), but welladhered, (002)-oriented MoS 2 layer upon which counterface sliding occurs for the remainder of the coating's life (23) (Figure 1a) . Evidence of these deformation and/or fracture mechanisms has been reported in multiple studies of MoS 2 -lubricated sliding contacts, with the dominant mechanism determined by the microstructure of the coating. For dense MoS 2 coatings that lack a columnar microstructure, reorientation occurs on the atomic scale, as demonstrated recently with in situ focused ion beam (FIB) and high-resolution transmission electron microscopy (HRTEM) techniques, allowing cross-sectional examination of an intact wear counterpart and coating surface (Figure 1b) . The direct HRTEM imaging of the sliding contact demonstrated that reorientation of several atomic layers at the interface accommodated sliding motion of the counterface (24). Typical friction coefficients for sputtered MoS 2 films in vacuum or other inert environments are 0.005-0.05 (10, 25) , with wear rates on the order of 10 −8 mm 3 N −1 m −1 (10) for many counterface materials, again suggesting an average of ≈1 atomic layer of material removed for every ten 5-cmlong passes on the surface. In humid air, the friction coefficient of MoS 2 is generally 0.15-0.30, and the wear rate is one to three orders of magnitude higher than in vacuum, depending on the morphology (i.e., relative density) and crystallographic orientation of the film. The basal plane surfaces (002) are chemically inert, with a surface energy of approximately 2250 mJ m −2 (21) , and are therefore less susceptible to water adsorption and oxidation than are the (100) plane edges (26, 27). Nevertheless, even highly (002) textured MoS 2 films lose 10-100 atomic layers per pass in humid air owing to oxidation, which increases adhesive wear, reduces cohesive strength (within the film bulk), creates blisters, and produces debris. The oxidized debris tends to be pushed out of the track rather than adhering to the counterpart and shearing (10) , inhibiting the primary operative lubrication mechanisms discussed above.
Influence of doping on microstructure and properties. Because of the sensitivity to humid air, space components that require extensive testing or storage periods on Earth are sometimes lubricated with something other than pure MoS 2 to counteract degradation in the ambient environment, even if performance of the component will be less than ideal in its ultimate application (28). Improving the tribological performance of sputtered MoS 2 in humid air has been an active area of study for the past 30 years (29), with the aim of turning the material into a lubricant that can provide approximately the same low friction coefficient on Earth for thousands of operating cycles (i.e., testing) and in space for 1-100 million cycles over 15-30 years (as in a solar array joint, for example). On the basis of the degradation mechanisms described in the previous section, most 300 Muratore · Voevodin Stiction: high static friction at interfaces efforts to increase the wear life of sputtered MoS 2 in humid air have focused on the alteration of MoS 2 surfaces for reduced water and oxygen adsorption via film densification and neutralization of potential adsorption sites (28). Stupp (29) was the first to show that codepositing <10 atomic percent of different metals with MoS 2 resulted in a reduction of friction and wear of the sputtered coatings in air. Stupp attributed the performance enhancement to increased film density and hardness, especially with Ni additions. In this case, the metal dopant was distributed homogeneously throughout the coating material. Many studies followed on reducing the susceptibility of MoS 2 films to moisture with different dopants, including Pb (30), Au (23) , and polytetrafluoroethlene (PTFE) (31). Most of these dopants also improved the lubricity of MoS 2 and other TMD materials (e.g., WS 2 , NbSe 2 , and MoTe 2 ) by increasing the interlamellar spacing and weakening the van der Waals interactions to further promote easy shearing (17) . Carbon additions to burnished and bonded MoS 2 also improved MoS 2 performance in humid air. Among other beneficial functions, metal and carbon additives acted as oxygen diffusion barriers at edge planes and as oxygen scavengers in worn areas to reduce MoS 2 oxidation (19). Zabinski et al. (32, 33) later performed detailed studies of a well-known performance-enhancing additive, antimony trioxide, which was found to promote a microstructural rather than a chemical effect on MoS 2 lubrication, for which rubbing induced organization in the near surface of the material, where very thin (10- In a recent study of friction as a function of contact temperature from −80 to 180 • C, a series of proven doped MoS 2 coatings was compared by measuring their steady-state wear rates with precise ( ± 1-nm), in situ recording of wear track depth with white-light interferometry between passes of the counterface (Figure 2 ) (35). These measurements were previously very difficult to obtain because the low wear rates result in very small changes in contact surface topography, even after thousands of cycles. In this unique study, antimony trioxide-doped MoS 2 coatings demonstrated the lowest steady-state friction coefficient (0.03) and wear rate (10 −8 mm 3 N −1 m −1 ). Because atomically thin layers of intrinsic solid lubricants can endure multiple sliding cycles, atomic layer deposition (ALD) processes for lubrication of micro-and nanoscale electromechanical systems (MEMS and NEMS, respectively) with 5-20-nm-thick films of intrinsic lubricant materials are being examined to eliminate stiction problems at contact interfaces that currently limit the utility of these mechanical devices (36) .
Influence of crystallographic structure on properties. The initial ≈50 nm of sputtered MoS 2 typically grows with basal planes parallel to the substrate (002 texture). Thus, for very thin (<50-nm) layers, the parallel orientation of MoS 2 basal planes is maintained. Controlled growth of humidity-resistant, (002)-oriented MoS 2 as found in very thin films can be sustained throughout the thickness of a 1-μm-thick coating by alternating its growth with very thin (<10-nm) metallic layers for improved resistance to humidity; films with predominantly (002) crystal line orientation are less reactive with the ambient environment (26, 27, 37). Researchers have investigated alternative approaches for protecting the reactive atomic edge sites of the MoS 2 crystal, including the use of dopants with large atomic radii, which are expected to substitute for Mo and S and induce curvature of the atomic planes (38) , and the use of fullerene-like MoS 2 nanoparticle films (39) . These novel approaches have yet to be rigorously tested, but initial results are promising. For example, MoS 2 films doped with W and Se endured more than 100,000 cycles in 40% humidity. The fullerene nanoparticles were reported to demonstrate vacuum-like performance in air, with a friction coefficient of <0.01 and a wear rate on the order of 10 −8 mm 3 N −1 m −1 . Progress toward atomic-scale structure control of intrinsic solid lubricants like MoS 2 and an improved understanding of their wear mechanisms are encouraging steps toward improved lubrication for space applications requiring long-term storage and preflight tests in terrestrial environments. Nevertheless, the current orders-of-magnitude differences in friction coefficients and in steady-state wear rates measured in air and in space (for ordinary hexagonal MoS 2 ) are too large for their use in components designed for extended or cycled operation in both environments.
Extrinsic Solid Lubricants
Like MoS 2 , graphitic carbon has a structure that consists of covalently bound atomic lamellae, with weaker interplane bonding. Because of its layered structure, discovered by Bragg (40) with X-ray diffraction, graphite was thought to be an intrinsic lubricant until advances in aircraft technology allowed flight in a range of altitudes at which the concentration of water vapor was low, and graphite commutator brushes were found to wear at much higher rates than previously observed (41) . The laboratory work of Holm (42) and later Savage (43) in the 1940s revealed that the absence of condensable vapors, including water vapor, compromised the lubricity of graphite. In the case of graphite, the 66 kJ mol −1 binding energy between basal planes (44) would render the material intrinsically abrasive, with high friction and wear rates (45) . The prevailing hypothesis of graphite lubrication has been based on weakening of interplanar bond strength by intercalation of water and similar polar molecules (e.g., alcohols, ethers, etc.) (46) . The bond strength may be further weakened by the insertion of atoms or molecules between planes (47), as described for doped MoS 2 . Recent X-ray diffraction studies of graphite surfaces with a synchrotron source (48) , however, have shown that no difference between the near-surface basal plane separation of graphite in humid air and either that of the bulk or that of degassed surfaces in vacuum. This finding lends support to an alternative explanation of graphite lubrication, in which dangling σ bonds at edge planes that are initially present or generated during wear events are continually terminated by chemisorbed vapor molecules (49) to eliminate high-energy surfaces that would otherwise promote adhesive wear (50) .
Changes in local graphite bond configurations give rise to carbon allotropes with wildly diverse properties such as diamond, fullerenes, nanotubes, graphene, diamond-like carbon (DLC), and many others. These carbon structures all push the limits of useful materials properties for tribological applications, such as thermal conductivity [diamond (51) , graphene (52) , and nanotubes (53)], mechanical elasticity [fullerenes (54) and nanotubes (55)], and strength [DLC (56) and, of course, nanotubes (57)]. Similarly, there are various effects of the environment on these carbon-based materials. For this reason, and because of the potential held by carbon as a lubricant with broad applications, environmental effects on all the forms of carbon listed above have been the subject of many tribological studies. Here, only graphite and DLC coatings are reviewed because they are the most frequently occurring solid-lubricant films, but the reader is referred to macro-through nanoscale tribological studies and reviews of particular interest to the authors on nanotubes (58), fullerenes (59) , and diamond (60-62) coatings.
Although some tribological principles observed on one size scale apply universally, some principles of carbon-based lubrication are strictly limited to the characteristic length scale on which they were determined. For example, Hirano and coworkers (63, 64) introduced the concept of superlubricity, which was recently examined further by Dienwiebel et al. (65) . Both groups observed that the frictional force was reduced by orders of magnitude on a nanoscopic graphite-graphite interface when the lattice misfit angle in the contact was 45
• owing to elimination of stick slip over individual atoms (66) . The phenomenon, however, was limited to the nanoscale [possibly the microscale for mica (64) ]. Recently, the hypothesized transfer of graphite to the W AFM tip to induce superlubricity at those initially heterogeneous interfaces as proposed by Dienwiebel et al. (65) was confirmed by Merkle & Marks (67) , who performed nanoscale contact experiments inside a transmission electron microscope (TEM) on a very thin, electron-transparent polycrystalline graphite surface. Flakes of graphite wore away rapidly in the vacuum environment and adhered to a W tip whose proportions were similar to those of the tip used by Dienwiebel et al. (65) . Researchers conducting macroscale tribology experiments should not expect to observe superlubricity originating from the sliding of incommensurate surfaces; however, they may see the phenomena manifested by a different mechanism for superhydrogenated DLC films, as is discussed below.
Diamond-like carbon. DLC films-thin amorphous carbon materials with a broad range of atomic structures and compositions (some DLC films are hydrogenated) that are tailorable with processing parameters-have been studied the most extensively of any of the carbon-based tribological coating materials. Within the family of DLC materials, there are several varieties.
Tetragonal-amorphous carbon (ta-C) refers to a subset of DLC materials with >40% sp 3 carbon hybridization (diamond bonding), mixed with sp 2 (graphite bonding) (68) . Hydrogen may terminate carbon bonds in the random covalent network of carbon atoms that form DLC coatings and may prevent the formation of stable graphite during film growth (69) . DLC is generally hydrogenated when it is deposited via ion beam or plasma-assisted chemical vapor deposition (CVD) techniques with methane, acetylene, or other hydrocarbon precursor gases. Alternative physical vapor deposition (PVD) methods use graphite as a precursor, offering the capability of hydrogen-free DLC growth. To obtain a high fraction of carbon in the sp 3 bonding configuration, local (atomic-scale) spikes of pressure and temperature must also occur at the surface during film growth. This is typically achieved by ensuring that depositing carbon species possess an average kinetic energy on the order of 50 to 150 eV. Lower incident ion energies are insufficient for the production of the required pressure-temperature spikes on the condensation surface, whereas higher-energy ions will create sp 3 network defects or may result in annealing of the surface into the stable sp 2 network (70, 71) . The kinetic energy of incident species is higher than that typically associated with magnetron sputtering (1-5 eV) or CVD (0.5-1 eV), and thus DLC film processing requires a source of additional energy input (72) .
Because many materials qualify as DLC, tribological results for these coatings demonstrate a large spread, with claims of friction coefficients as low as 0.001 and wear rates lower than 10
In humid air, the friction coefficient is generally 0.1-0.3, with a span of wear rates from 10 −8 to 10 −6 mm 3 N −1 m −1 , the variability of which is related to a hardness dependency on hydrogen concentration. Because most DLC coatings rely on the formation of graphitic, or graphite-like, wear debris and transfer films under typical contact pressures (73) , the performance of these coatings is sensitive to the presence of water vapor, but these coatings do not necessarily have the same dependence on water vapor as does graphite, in which water vapor consistently reduces friction. Although there are outliers, DLC films follow a general trend in terms of the friction coefficients and wear rates observed under particular conditions, as well as the mechanisms underlying the performance of the coating materials. Hydrogen-free DLC materials demonstrate lower friction and wear in the presence of water vapor, as does graphite, with the same proposed mechanisms of intercalation for reduction of shear strength and/or termination of adhesive dangling bonds. Friction is reduced as the shear process induces bonding relaxation from a metastable sp 3 configuration to a sp 2 configuration that produces low-shearstrength transfer films (associated with a period of significant wear)-a process often referred to as contact surface graphitization (74) (75) (76) . This mechanism occurs during the run-in period observed for many DLC materials, when the friction is initially high, but is reduced as graphitization and transfer film formation generally occur over hundreds to thousands of cycles. Hydrogenated DLC films, however, perform well in ultrahigh vacuum and other inert environments (77, 78) , so long as some fraction of the self-contained supply of hydrogen distributed throughout the coating is present in the near-surface region (79, 80) . Performance of a:CH films often degrades in the presence of humidity or other vapors, owing to surface coverage with oxygen or hydroxyl ions, resulting in increased adhesive forces in the friction contact (73) . The presence of hydrogen in DLC has multiple impacts on the transfer film formation process. For relatively small contact loads and speeds in vacuum applications, hydrogen terminates dangling carbon bonds, which reduces friction and adhesive wear as the surface is passivated, resulting in interfacial shear, rather than intrafilm shear (81), as is typical for chemically inert, hard coating materials (8) . This lack of adhesion to the sliding counterface also inhibits graphitic transfer film formation, which is attractive for MEMS and NEMS applications, for which debris associated with the transfer film formation process is detrimental for device performance. For loads and speeds corresponding to typical bearing and gear contacts, relatively soft hydrogenated DLC is prone to deformation by Near-frictionless carbon (NFC): diamond-like carbon deposited in an abundance of hydrogen and characterized by very low friction coefficients in inert environments plowing and abrasive wear. At higher contact loads and sliding speeds, frictional heating leads to the local release of hydrogen. This reduces the shear strength of the DLC materials and facilitates sp 3 -to-sp 2 bond rearrangements in the contact area, resulting in graphitic transfer film formation (75) .
One noteworthy variant of DLC is superhydrogenated, near-frictionless carbon (NFC), developed at Argonne Laboratories. In the NFC coating, a hydrogen-rich mix of gases is used to process the films, promoting termination of unsatisfied carbon bonds on the coating surface with one or perhaps more hydrogen atoms (82) . [Molecular hydrogen termination was a long-held hypothesis. However, recent studies suggest that only atomic hydrogen coverage of NFC surfaces is present (83) .] Erdemir et al. (82) believe that the hydrogen atoms lose their electron to the outer shell of the carbon atoms, leaving the positively charged hydrogen nucleus exposed. Thus, when two opposing surfaces are self-mated (both coated with NFC) and come in contact, the hydrogenterminated surfaces electrostatically repel one another (11) . The presence of humid air or other reactive ambient environments disrupts hydrogen termination of the sliding contacts, and friction increases with the concentration of reactive gas (84) . Thus, an inert environment is required for observation of this unique tribological response. Friction coefficients measured during laboratory tests of NFC in nitrogen at an atmospheric pressure are on the order of 0.001, which is less than the resolution of the most tribometers-hence the NFC moniker. The wear rates are reported to be as low as 10 −11 mm 3 N −1 m −1 for these materials under specific test conditions (11).
High-Temperature Lubricants
MoS 2 and carbon-based materials are both excellent lubricants with low wear rates and low friction coefficients-provided the ambient atmosphere is just right. Both materials not only are sensitive to ambient vapors (or the lack thereof) but have a limited range of operating temperatures. MoS 2 surfaces are rapidly converted at 350 • C to molybdenum trioxide (85; C. Muratore, J.E. Bultman, A.J. Safriet & A.A. Voevodin, unpublished data), which is abrasive at temperatures of <500
• C. Graphite, DLC, and most other carbon-based films oxidize in air at slightly higher temperatures (≈400
• C) (85) , resulting in increased friction and accelerated wear. Clearly, for lubrication at elevated temperatures, a different body of materials must be considered. Unfortunately, most materials that shear easily at higher temperatures are abrasive under the conditions in which MoS 2 or DLC is unparalleled as a solid lubricant. A brief summary of three approaches to hightemperature lubrication follows.
Noble metals. Ag and Au have a low shear stress with very limited sensitivity of mechanical properties to ambient vapor and temperatures (up to approximately half their respective melting points). As thin films on hard substrates, these soft metals serve as effective lubricants in X-ray tubes and satellite applications (4), which are typically in operation for years in high vacuum and occasionally at high temperatures-all conditions that preclude the use of liquid lubricants. Bowden & Tabor (7) investigated the principles of low-shear, pure-metal films on hard surfaces and determined that the interfacial shear strength was dictated by the soft film, whereas the maximum supported normal load was determined by the hard substrate. Thus, the friction coefficient (μ is the shear stress of surface/applied load) is much lower for this somewhat ideal bilayer system (7). The role of each layer became apparent in studies by Arnell & Soliman (86) and later by Spalvins (18) , who examined the effect of soft metal layer thickness on the friction coefficient. In both works, a critical thickness in the range of 300 to 1000 nm (depending on the substrate roughness) yielding the lowest friction coefficients was identified. For thinner films, the friction coefficient was higher because full surface coverage of the metal was not obtained in the wear track. For thicker films, the presence of the hard substrate was obscured, and a larger share of the load capacity was carried by the soft metallic film, resulting in the addition of a significant plowing force to the total tangential force (87). Arnell & Soliman (86) measured room-temperature friction coefficients between 0.2 and 0.4 for coatings close to the critical thickness.
Metal oxides. In addition to low shear strength in the desired temperature range, microstructural and compositional stability is also required of a candidate high-temperature lubricant. Many oxides demonstrate adequate stability up to 1000
• C and above but are characterized by strong covalent bonding, which suggests that the surfaces would be difficult to shear. In fact, ceramic materials typically yield high friction coefficients (0.8 to 1.0) that generate high tensile stresses and produce surface cracks and debris particles (7). Magneli (88) , however, discovered that substoichiometric oxides of several transition metals form a homologous series of compounds of the formula • C. In fact, several transition-metal oxides (e.g., WO x , VO x , etc.) were shown to deform by plastic flow at high temperature rather than by brittle fracture at elevated temperatures. Three decades later, Gardos et al. (89) extensively studied the rutile allotrope of titania as a high-temperature lubricant and correlated Magneli's concepts with tribological phenomena. These researchers built a device to alter anion vacancy concentrations (by heating) to show that oxygen vacancy formation influenced the shear stress of rutile and to determine the lower limit on that shear stress for the material (89). Gardos et al. found friction coefficients ranging from 0.15 to 1.5 and wear rates between 10 −6 and 10 −4 mm 3 N −1 m −1 ; both these variables had a strong dependency on the ambient atmosphere (air or argon). Generally, the friction coefficients for single transition-metal oxides forming Magneli phases range from 0.2 to 0.5 at homologous temperatures >0.7 (90), in agreement with Gardos et al.'s data.
Peterson et al.'s (91) work from the 1950s also included investigations of double oxidesmolybdates and tungstates in particular. Some of these materials stood out for remarkably low friction and wear at 700
• C-in fact, they were notable enough to be revisited 50 years later, as is discussed below. Although Peterson et al.'s results were often published in reports to government agencies that may be difficult to obtain, Erdemir (92) recently summarized many of his results as he examined the relationship between ionic potential of metal oxides and, for double oxides (e.g., PbO-MoO), the difference in relative ionic potentials of the oxides and their shear strength.
Formation of low-shear crystal planes is not the only mechanism by which oxides can provide lubrication. Oxidation of some metals results in a reduction of the melting point, thereby forming a lubricious glaze with low shear strength at high homologous surface temperatures.
Alkaline halides. During the development of early supersonic aircraft such as the RS70, which was reported to incorporate solid lubricants in 1000 applications with anticipated exposure to air at 800
• C, researchers at NASA pioneered the use of fused alkaline halide eutectic coatings. Sliney et al. (9) studied CaF extensively because of its predicted stability in both air and liquid sodium, which was used as a coolant for the bearing application of interest at the time. These adherent coatings formed low-shear-strength surfaces, or glazes, at very high temperatures (500-900
• C), close to their melting points, with friction coefficients of approximately 0.2 and low wear rates (which unfortunately were reported in nonstandard units). At temperatures of <500
• C, thin-film materials like CaF and CeF improve wear resistance but have friction coefficients of <0.3 (85, 
DEVELOPMENTS LEADING TO ADAPTIVE COATING MICROSTRUCTURES
From the work reviewed above, it is apparent that selecting a solid lubricant that will perform in a narrow range of temperatures, gaseous environments, and other ambient conditions is straightforward. If an application will operate exclusively in vacuum or another inert environment, an intrinsic lubricant (e.g., a lubricious TMD) is an obvious choice because it will last millions of cycles under high loads. In ambient terrestrial conditions in which water vapor is abundant, a carbon-based solid lubricant would be suitable, providing low wear rates and very low friction. But what does one use on a deployable satellite structure subjected to thousands of sliding test cycles on Earth and then millions of operational cycles in space-or, even more challenging, on a reusable air-space vehicle capable of multiple atmospheric reentries and designed to have a maintenance schedule comparable to that of an ordinary aircraft? Some researchers maintain hope that a single-phase coating material that can provide low friction through a broad range of ambient humidity and temperatures for a useful number of cycles will emerge, but a more promising path of incorporating multiple lubricants in a composite coating material has been investigated and is the basis for the adaptive coating materials reviewed below.
Early Composite Solid-Lubricant Materials
Until recently, the best examples of a composite material designed to provide low friction over a span of temperatures from 25
• C to 800 • C in air or vacuum were the PS series of thick (250-μm) plasma-sprayed coatings developed at NASA by Sliney (87, 95) and DellaCorte (96), with alkaline fluoride compounds and noble metals mixed with hard phases, such as nickel chromium (PS 100) (95), chromium carbides (PS 200) (87), or oxides (PS 300) (96), for load support and reduced abrasive wear of the soft lubricant materials. Ag was selected as a low-to-moderate-temperature lubricant phase, and alkali fluorides were selected for high temperature in all PS coatings. These materials demonstrated friction coefficients between 0.2 and 0.6 over the target temperature range, depending on temperature, counterface material, and wear test method (e.g., oscillating journal bearing or pin-on-disc). Under certain conditions, friction coefficients of 0.2 to 0.3 from 25
• C to 850
• C were measured for all PS 200 and PS 300 lubricants. However, owing to the plasma spray deposition method, the coatings had a rough, coarse-grained surface appropriate for some applications, but not for precision components for which tolerances required smooth surfaces (18) . Furthermore, the coarse grains (50-250 μm) resulted in excessive vibration during pin-ondisc wear tests, especially at lower sliding speeds, because the inhomogeneous surface consisted of lubricant phases separated by hard phases over long distances compared with the size of the friction contact; therefore, complete coverage of hard surfaces with lubricant was never attained (95). Sliney et al. (97) and others (98) did investigate smoother, fine-grained sputtered varieties of PS coatings, which demonstrated higher friction coefficients and wear rates compared with their plasma-sprayed counterparts. The most recent PS 300 generation of these coatings provides friction coefficients from 0.2 to 0.6 (depending on counterface and temperature) and moderate wear through a temperature range of 25-1000
• C (96). The coatings are machinable and have improved stability at high temperature compared with the PS 200 and PS 300 series but still possess a rough texture. Although the PS coatings have some shortcomings, they were the first materials of their kind and demonstrated an important principle used in the current state of the www.annualreviews.org • Chameleon Coatingsart, as stated explicitly by Sliney (95): Different phases of fresh lubricant could be incorporated within a hard composite matrix, to be exposed by the wear process as needed.
Nanocomposite Thin Films
The development of chameleon coatings was also influenced by the strong focus and rapid development of high-strength nanocomposite materials that were often composed of a combination of relatively low-strength phases. Early works revealed that a reduction in length scale of layer thicknesses or grain sizes in solid films could be used to control dislocation formation and that elastic modulus mismatch between components in layered or homogeneous composites could be used to inhibit dislocation mobility (99-101). Initial demonstration of these principles in coating materials sparked a period of intensive research in nanolaminate coatings (102-104). For increased hardness, the required materials possess sharp, strained interfaces and periodicity in the 5-10-nm range (105, 106). These architectures, sometimes referred to as superlattices (107), demonstrated high hardness but were very sensitive to variations in periodicity and were therefore difficult to deposit, especially on surfaces with significant topographic variation (e.g., a cutting tool). These findings motivated research on homogeneous hard nanocomposites, which were developed by Veprek (108), Veprek & Reiprich (109), and later by others, with crystals of 3-20 nm or less in an amorphous matrix. Many different elements have been incorporated into films with a nanocrystalline-amorphous structure, increasing hardness values up to 100 GPa for ceramic matrix composites (110, 111), and a maximum of 30-40 GPa for hydrogen-free DLC matrices (112, 113).
Although there is a relationship between strength and hardness, resistance to fracture also plays a significant role in tribological coatings when high contact loads are encountered. This combination of hardness and ductility necessary to produce a tough material is, of course, a classical challenge in the field of materials science, although nanocomposite coatings provide a promising answer to this challenge, with high hardness and a large relative volume of grain boundaries between crystalline and amorphous phases to deflect, split, and terminate growing cracks (114). To further improve ductility at the expense of superhardness, multilayer (115, 116) and graded (117, 118) composites can be produced. Alternatively, a more attractive option is the selection of a matrix phase with a lower elastic modulus in a homogeneous composite. Various tough nanocomposite TiC/DLC and WC/DLC coatings (both with a DLC matrix) (119), and materials with an amorphous YSZ-Au matrix (120), have shown high hardness (≈20 GPa) and toughness.
Composites Employing Synergistic Lubricant-Lubricant Interactions
By incorporation of nanoscopic volumes of solid-lubricant materials in a hard matrix, the principle evidenced by the NASA's PS series of coatings, in which buried pockets of fresh lubricant could be exposed to replenish the friction contact with low-shear material throughout the wear process, could be coupled with the benefits of increased hardness and toughness observed for nanocomposite films. Donley & Zabinski (121) first proposed this approach and added that that the lubricant phases should be selected such that useful interactions with one another and with the ambient environment should occur over the anticipated operating conditions. This, they proposed, would both reduce friction and wear coefficients at room temperature and broaden the temperature range in which low friction was observed. Pure lubricant composites (with no hard matrix) were examined initially to identify useful interactions between compounds. PbO-MoS 2 was the first temperature-adaptive tribological coating material of this nature: Lubricant phases were selected on the basis of anticipated improvements in room-temperature performance of MoS 2 with the PbO dopant, in addition to the formation of lubricant phases suitable for moderate and high temperatures upon heating, as predicted by a thermodynamic analysis of the Gibbs free energy of formation of possible compounds (122, 123). In this case, the PbMoO 4 and MoO 3 were formed on the coating surface after heating to 500
• C. The results were consistent both with the works of Peterson et al. (91) discussed above, in which single-metal and bimetal lead oxides were among the best high-temperature lubricants, and with the findings of Magneli (88), who studied oxides such as MoO 3 , which, when rich in atomic defects, possess low-shear planes. The coatings also outperformed pure MoS 2 under identical room-temperature conditions, showing the benefits of the composite material at high and low temperatures. Zabinski's work with multiple solid lubricants continued with other compounds, including WS 2 -ZnO (both were lubricious at room temperature and formed ZnWO 4 and WO 3 at high temperature) (3, 124) and WS 2 -CaF (which formed lubricious CaSO 4 at high temperature) (94), demonstrating a new family of coatings with multiple lubrication mechanisms over a broad temperature range in addition to room-temperature performance that was often superior to the performance of the single-lubricant compounds. Other researchers found that additional binary systems formed lubricious double oxides over the 25-800
• C range of interest, including CuO-MoO 3 (125) and MoO 3 -Ag 2 O (126). All these coatings, however, demonstrated irreversible temperature adaptation in that after heating, their lubrication properties were lost at reduced temperatures owing to the presence of abrasive oxide compounds. Nevertheless, examination of this binary-compound approach to temperature-adaptive lubrication was another important step toward reversibly adaptive nanocomposite lubricant coatings.
CHAMELEON COATINGS
The concept of nanoengineering surfaces to provide multienvironmental tribological performance, with hardness and toughness to resist abrasion and fatigue wear in a heavily loaded contact by merging multiple complementary solid lubricants in a nanocomposite coating, created a basis for exploration of novel approaches to solid lubrication. With the nanocomposite concept in place, it was still necessary (a) to select coating compositions that would enable self-release of the appropriate stored lubricant material for each of the anticipated operational environments and (b) to provide a means to guide nanoscopic volumes of material to the contact zone for on-demand formation of macroscopic solid lubricating films. It was anticipated that coatings incorporating these design elements would provide a continuous response of the contact surface to the surroundings (load, sliding speed, environment, temperature) by self-adjusting to maintain the most favorable composition and structure in the sliding contact under the range of anticipated ambient conditions shown schematically in Figure 3a and b. The concept is not too different from the natural defense mechanisms of chameleon lizards, whose surroundings automatically induce an alteration of skin to best evade predators. Thus, the term chameleon was used to describe early adaptive tribological nanocomposite coatings to highlight the features of self-regulating surface chemistry and microstructure to avoid coating failure (analogous to death by predatory friction and wear) in air-space transitions and in broad temperature ranges.
Air-Space Adaptation
Initial research on chameleon coatings was focused on adaptation to both extremes of terrestrial and space environments experienced by some aerospace components (e.g., deployable satellite structures) via two independent mechanisms. The coatings were produced with a hybrid process with two magnetron sputtering sources (one fitted with a WS 2 cathode and the other, pure W) Friction measurements on a W-C-S coating surface over multiple exposures to dry and humid air. Plot from Reference 119 is used with permission from the publisher.
and a carbon pulsed laser deposition (PLD) target. The power to the WS 2 cathode was adjusted to control the sulfur content necessary to produce a nanocrystalline dichalcogenide phase as an intrinsic-lubricant phase for vacuum environments. The laser parameters were adjusted to provide carbon for the formation of WC and DLC phases assembled as shown in Figure 3 to obtain a hard material also capable of lubricating in humid air (127, 128) . Hardness was related to sulfur content, with a sharp drop from 17 GPa at sulfur contents below 20 atomic percent to approximately 7 GPa for higher sulfur contents. A W20-C60-S20 (in atomic percent) nanocomposite material yielded a friction coefficient comparable to that of pure graphite (0.15-0.2) in humid air and yielded the equivalent friction coefficient of pure WS 2 (>0.05) when the material was tested in vacuum. In vacuum, the 500-nm-thick coating provided low friction for >2 × 10 6 cycles with a wear rate less than 10 −7 mm 3 N −1 m −1 , demonstrating that the addition of a humidityadaptive component (carbon) did not compromise the wear rate in vacuum but rather yielded an improvement when compared with monolithic WS 2 (129) . When a continuous wear test was performed in a cycled environment of vacuum and 40% relative humidity, the friction coefficient reversed between the values expected for WS 2 and carbon alone for more than 40,000 cycles (Figure 3) . This was the first demonstration of reversible adaptation to humidity in a single coating surface. Following the W-C-S chameleon coating example, other papers demonstrated a similar reversible adaptation to humidity in several other tough and hard nanocomposite coatings with similar architectures, including YSZ-Au-MoS 2 -DLC (130, 131) , and Al 2 O 3 -Au-MoS 2 -DLC (132). These works illustrated the generality of the chameleon coating concept shown in Figure 4 for many materials systems with a similar coating architecture, in addition to the concept of using hybrid PVD processes to insert multiple nanoscopic lubricant phases in a hard oxide matrix.
Mechanisms of air-space adaptation. Several research groups have proposed multiple mechanisms for the humidity-adaptive response of W-C-S and other nanocomposite coatings subjected to environmental cycling. The original authors (127, 128) investigated the adaptive mechanisms occurring in W-C-S coatings while in contact with a 440C steel ball and a contact stress of 0.6 GPa. From the friction coefficients under cycled vacuum-humid air environments, coupled with ex situ Raman spectroscopy analysis of the coating wear track, debris, and transfer film, it was determined that carbon served as the active lubricant in humid air as the moisture-sensitive TMD became abrasive and induced a brief period of accelerated wear, exposing fresh carbon stored in the tungsten carbide matrix (127, 128) . Intercalation and/or termination of graphitized carbon with water molecules resulted in a low-shear contact among potentially abrasive phases such as WO 3 . Similarly, when the environment was altered from humid air to vacuum, the graphitic carbon at the surface of the friction contact wore away rapidly, and the nanoscopic volumes of TMD were exposed and collectively provided sufficient lubrication over the volume of the contact (one atomic layer of TMD was sufficient for multiple passes). In vacuum, the wear rate was lower for the nanocomposite than for monolithic WS 2 coatings of comparable thickness when tested in the environment for which they were best suited. This reduced wear rate was attributed to the presence of the hard DLC and WC phases within the nanocomposite architecture, as the applied load was distributed over this harder surface, reducing susceptibility of the soft lubricant to abrasive wear. Rigney and colleagues (133, 134) performed similar tests on W-C-S chameleon coatings, but with half the initial value of contact stress (0.3 GPa) and a 440C cylindrical pin, and reported on surface chemistry of the coating wear track and counterpart based on postmortem Raman and scanning electron microscopy (SEM) investigations. The coatings demonstrated similar adaptive performance in multienvironment testing. However, the phase composition of the transfer films in the wear track was not as distinct; no evidence of crystalline WS 2 or graphite was detected. This may have been due to the lower contact stresses (related to the graphitization of DLC discussed above).
Chromik et al. (1) performed reciprocating tests on a series of humid-dry adaptive YSZ-Au-MoS 2 -DLC coatings at a higher contact stress of 0.9 GPa with optically transparent sapphire balls, which allowed in situ optical imaging of the coatings and the transfer film accumulated on the ball, in addition to determination of the thickness of the transfer film with ≈10-nm resolution via the appearance of optical interference fringes. This technique allowed correlation of transfer film characteristics to friction behaviors such as run-in periods, in which the transfer film increased in thickness to a steady-state value coincident with stabilization of the friction coefficient immediately or over several cycles, depending on film composition. In addition, occasional friction spikes (temporary increases in friction coefficient to values >50% of steady-state value) were observed. These events were correlated with sudden, localized removal of transfer film material adhered to the counterpart, which allowed return of the system to its steady state. In this work, ex situ Raman spectroscopy was used to examine contact surfaces. Both MoS 2 and graphitic carbon were detected in transfer films after testing in humid and dry environments. Preferential lubrication by one phase over the other can take place from a few monolayers on the surface, but such analysis would be beyond the detection limits of the Raman technique, which penetrates to depths on the order of 50-100 nm in materials such as DLC or WS 2 (30, 135). The recorded friction coefficients suggest that MoS 2 alone is not lubricating during high-humidity cycles; the observed values <0.1 are lower than are typically observed, even with the addition of dopants. There may be a synergistic relationship of graphite and MoS 2 in high humidity, whereby degradation of MoS 2 via multiple mechanisms (i.e., delaying mechanical interlocking of crystallites caused by, e.g., oxidation) may contribute to enhanced MoS 2 lubrication at room temperature (19). Although there is still an ongoing discussion of observed adaptive mechanisms and surface compositions among the groups performing the studies, differences may be attributed to test conditions (e.g., applied loads, counterface materials, wear test geometry). In situ microscopy experiments, with a focus on atomic layers at surfaces involved with sliding shear accommodation (as shown in Figure 1b) under similar contact pressure and sliding speeds, are needed for a definitive discussion. Regardless of the exact mechanisms for adaptive surface changes under cycled environments, the materials demonstrated reversible adaptation to air and space conditions and superior performance in static environments, maintaining low friction and wear in all tests.
High-Temperature Adaptation
The nanocomposite chameleon concept was first demonstrated for humid-dry adaptation with several coating materials, but the challenge originally sought by Donley & Zabinski (121) was temperature adaptation. Within the chameleon coating architecture outlined for air-space adaptation, individual high-temperature lubricants could be added to expand the concept to lubrication over elevated temperatures and, ultimately, to multiple lubricants to achieve low friction surfaces over a broad range of temperatures.
Diffusion-based adaptation for moderate temperatures (<500
• C). YSZ-Au-MoS 2 -DLC was previously listed among the first air/space adaptive nanocomposite coatings. Au was added to this composite for two purposes-(a) as an intercalant or microstructural aid for reducing the shear strength and improving the humidity resistance of MoS 2 and (b) for lubrication at elevated temperatures in air or vacuum. When this coating was heated to 500
• C, nanoscopic grains of Au coalesced on the surface, providing a low-shear interface on a hard surface capable of supporting the applied load of the friction contact (130, 131) and thus, as discussed above, a reduced friction coefficient. Subsequent works focused on the binary YSZ-Au system indicated that up to 20 atomic percent of nanocrystalline Au could be introduced into the YSZ before significant softening (to values <15 GPa) occurred (120). Coatings with 10-20% Au had high ductility. These films provided friction coefficients of approximately 0.2-0.4 from room temperature to 500
• C against sapphire (136) , consistent with that observed for noble-metal films on hard substrates. One significant implication of this work was that soft nanocrystalline lubricant phases could be incorporated into a hard ceramic matrix and demonstrate thermally activated, collective behavior in a friction contact. Other studies of noble-metal nanocrystals imbedded in ceramic matrices followed, including TiC/Ag (137) and later YSZ-Ag (138) and CrN-Ag (139, 140) . These initial studies of Ag-lubricated hard surfaces demonstrated friction coefficients between 0.2 and 0.4 for 10-20 atomic percent Ag in the same 25-500
• C temperature range. The wear rate of such materials is difficult to quantify, because the thickness of the film changes (sometimes substantially) as the Ag coalesces to the surface, and is often not reported in these initial studies of temperature-adaptive coating materials.
Detailed descriptions of the driving forces behind noble-metal phase segregation and coalescence on the YSZ surface in YSZ-Ag with 15-30 atomic percent Ag can found in the literature (141, 142) . To summarize, the coatings are produced in a metastable condition by forced codeposition of metal and crystalline YSZ at a substrate temperature of 150
• C. As deposited, the noble-metal atoms are distributed as nanoinclusions throughout a matrix of nanocrystalline-amorphous YSZ, with a large interfacial energy. Heating activates diffusion of Ag out of the strained YSZ, in which diffusion is rapid throughout its highly defective structure. The driving force to reduce total system potential (due to strain) and surface energy (due to high initial YSZ-Ag interfacial energy) results in Ag migration from the subsurface to the surface. This creates a composition gradient within the coating to drive diffusion from the bottom of the coating to the top of the coating, resulting in rapid noble-metal coalescence at the surface, even when the coating is heated to moderate temperatures. In situ studies are presently being carried out to identify the additional role of thermal gradients on mass transport in these systems. Thermally activated segregation of noble metals to the surface results in a low-shear-strength interface with the friction contact that is not adversely affected by interactions with most ambient atmospheres, providing suitable lubrication up to 500
• C. Adaptive lubrication of surfaces by Au or Ag does have some shortcomings, including poor adhesion at elevated temperatures in the presence of oxygen (91) and excessive deformation at elevated temperatures in the contact (87) . Additionally, when the lubricant segregates at high temperature, the strength and mechanical stability of the matrix can be compromised, as has been shown by higher wear rates in CrN-Ag (139) and recently in TiN-Ag (143) composites when these materials are tested at elevated temperatures. Finally, the supply of lubricant within the volume of the coating material is depleted rather quickly by metal diffusion to the coating surface upon heating-in the case of YSZ-Ag, the coating was depleted of Ag within 5 min of heating to 500
• C.
Tribo-oxidative mechanisms for very high temperatures (>500 • C).
Perhaps the most common temperature-adaptive mechanism observed in the tribological coatings community is tribooxidation. For example, TiAlN and many other cutting tool coating materials are based on hard phases with metal additions that form thermally stable protective oxide layers (144) . Such layers can be somewhat lubricous, with friction coefficients of 0.3-0.6 and low wear rates. Self-hardening mechanisms in TiAlN coatings can occur over extended periods at high temperature owing to spinodal decomposition to further increase wear resistance (145) . The properties of these thin-film compounds are sometimes modified further with one or more elements, such as vanadium (146) , that are known to form Magneli phases at very high temperatures (>600
• C), which, as discussed above, can demonstrate additional useful properties of oxidation stability, low adhesion, and easy shear. Recent studies have included exploration of Mo-N-and W-N-based coatings, designed to oxidize in dry machining operations in which very high contact temperatures are common, to create wear-resistant and somewhat lubricious oxide phases upon heating (147). This mechanism was also investigated in YSZ-Mo adaptive nanocomposite coatings. The addition of Mo resulted in hardening of the coating (by the mechanisms described in the Nanocomposite Thin Films section above) and reduced friction at 700
• C from 0.8 for pure YSZ to 0.4 for low MoO 3 concentrations (138). Unfortunately, cracking at the coating surface due to rapid growth of subsurface MoO 3 crystals and some sublimation of the material were observed. Other metals such as W, expected to form oxides with a higher temperature threshold for sublimation, have been investigated in the YSZ matrix but did not yield the low friction coefficient observed for Mo from 500
• C to 700
• C (C. Muratore, J.E. Bultman, A.J. Safriet & A.A. Voevodin, unpublished data).
Broad-range temperature adaptation (25-700
• C). To allow effective molybdenum oxide lubrication at very high temperatures, researchers examined YSZ-Ag-Mo composites, in which Ag could rapidly diffuse to the surface as a protective coating and a moderate-temperature lubricant (138) . A further increase in temperature resulted in Ag extrusion from the wear track. The extrusion exposed a small volume of Mo to the oxidizing atmosphere for localized production of lubricious MoO 3 in the exposed contact area, thus eliminating destructive, homogeneous MoO 3 formation, previously shown to result in severe cracking ( Figure 5) . It was also expected that lubricious silver molybdate phases (126) would form to lubricate at mid-range temperatures (400-600
• C). These YSZ-Ag-Mo coating materials were investigated over the 25-700
• C temperature range and were the first chameleon coatings to demonstrate broad-temperature-range lubrication via two distinct temperature-adaptive mechanisms, resulting in a moderate friction coefficient of 0.4 throughout. Analysis of the coatings revealed that the contact surfaces were composed entirely of Ag from 25
• C to 500
• C and of MoO 3 at temperatures above 500
• C. The formation of lubricious silver molybdate compounds, such as those examined by Gulbinski & Suszko (126), did not occur. This lack of reactivity between components may have been due in part to the lack of contact of the Ag and Mo because of rapid segregation of the Ag out of the matrix and to the surface. To facilitate silver molybdate compound formation and to decrease low-temperature friction, small fractions (<10 atomic percent) of MoS 2 were added during deposition of the coating (148). The MoS 2 was effective as both lubricant and catalyst; the friction coefficient dropped to below 0.2 from 25
• C for a series of coatings with different compositions, and double-metal-oxide formation was observed. The low friction coefficients observed were attributed to the presence of MoS 2 and Ag at <300
• C, silver molybdate compounds from 300 • C to 600
• C, and MoO 3 at higher temperatures. Wear rates of these materials were moderate, but the friction coefficients were the lowest reported for any material over this temperature range, demonstrating how a coating incorporating all chameleon coating principles of nanoscopic, synergistic lubricant phases in a tough, inert matrix would provide a way forward for broad temperature lubrication. Recent works, including coatings consisting of a Mo 2 N matrix with nanoscopic MoS 2 and Ag lubricant phases (149) and bulk composites (150), have followed. The crystallography of these somewhat complex bimetal oxide crystals is not always well understood. Aouadi and colleagues (151) have made a correlation to layered atomic structures developing at high temperature with weak Ag-O interlayer bonds as a possible explanation for the low friction coefficients in Ag-based double oxides. 
Figure 5
Multiple adaptive mechanisms at different temperatures for the YSZ-Ag-Mo coating material, in which Ag migrates to the surface to provide lubrication at <500 • C and is pushed out of the wear track to expose Mo embedded within a YSZ matrix at higher temperatures. Schematic of coating wear at different temperatures is redrawn from Reference 138 with permission from the publisher.
Reversible Adaptation Over a Broad Temperature Range
The only remaining obstacle for true chameleon-like behavior in thermally adaptive tribological nanocomposites was reversibility of the contact surface over multiple thermal cycles, analogous to its humidity-adaptive counterpart. Just like the first temperature-adaptive thin-film lubricant material (PbO-MoS 2 ), the most recent (YSZ-Ag-Mo-MoS 2 ) was abrasive after heating. For adaptation reversibility over temperature cycles, some lubricant must be preserved in the as-deposited state. As temperature adaptation took place primarily via two mechanisms-diffusion of noble metals to the surface and oxidation of components within the coating-architectures incorporating lubricant and oxygen diffusion barrier layers were explored. It was postulated that a microlaminate coating with alternating adaptive coating layers and diffusion barrier layers would inhibit Ag or Au diffusion out of underlying layers and would allow the noble metal to remain homogeneously distributed throughout the matrix as the energetically desirable free surface was no longer present (until breached by the wear process). The diffusion barrier layers would also restrict oxygen diffusion into the coating to avoid molybdenum oxide formation until needed. Both Ag diffusion and transition-metal oxide formation would occur on demand in such a material, in which the coating immediately below the next intact diffusion barrier layer would essentially be in the as-deposited condition and be ready to adapt to any ambient temperature upon exposure by the wear process, just as a monolithic adaptive coating would.
Researchers produced test architectures to examine the concept, including deposition of a two-layer coating with a patterned diffusion barrier atop a YSZ-Ag-Mo lubricant layer (142) . The diffusion barrier was patterned with holes of a diameter consistent with the characteristic length of a shallow wear track to simulate exposure of a fresh lubricant layer. Figure 6 shows that Ag flow did occur laterally through the diffusion barrier mask, resulting in modulated lubricant supply that extended the coating life by more than a factor of 10 (the wear rate was much less than 10 −6 mm 3 N −1 m −1 ) compared with a single YSZ-Ag-Mo lubricant layer of the same thickness. A homogeneous, temperature-adaptive coating layer with a diffusion barrier mask patterned with holes a distance of s apart is heated starting at t 0 . Ag migrates from the adaptive coating layer to the surface of the diffusion barrier only through its holes (t 0 < t < t d ), until the Ag is depleted at t = t d . On the basis of calculations of the diffusion coefficient of Ag in the YSZ-Mo matrix, the time for lubricant depletion at a constant temperature can be predicted. The time to depletion can be adjusted by manipulating the number of holes in the diffusion barrier mask. Micrographs from Reference 142 are used with permission from the publisher.
This architecture also provided insight with respect to the nature of diffusion in the YSZ matrix and allowed simple estimation of the lifetime of the lubricant supply within the adaptive lubricant layer and its dependency on the density of holes on the surface and on ambient temperature. A multilayered coating with two adaptive lubricant layers and a diffusion barrier between them was then examined. Just as a monolithic coating, the topmost adaptive coating layer fails to attain true chameleon or adaptive status as it was limited to one irreversible change. However, Number of sliding cycles Friction coefficient 20 ,000 25,000
Figure 7
Friction measurements over two 500-25 • C thermal cycles of 5000 sliding cycles each. Examination of the coatings after one thermal cycle (as shown on the friction trace) revealed that two adaptive lubricant layers were worn away, as suggested by the schematic on the right. Redrawn from Reference 152; used with permission from the publisher.
the silver-depleted YSZ-Mo coating rapidly wore away after cooling room temperature, exposing another chemically homogeneous adaptive coating layer buried beneath the diffusion barrier, which performed just as the as-deposited coating did at room temperature. This concept was demonstrated most recently in a seven-layer coating with four adaptive layers separated by TiN diffusion barriers (152). The coating endured two thermal cycles; one lubricant layer was consumed during each phase of the thermal cycling (Figure 7) . This relationship between the number of thermal cycles and adaptive coating layers is currently being explored further. These multilayer coatings lend themselves to the incorporation of sensor layers to allow in situ measurement of wear, and a warning prior to failure as diffusion barrier materials doped with rare-earth elements that fluoresce with a characteristic spectra can be placed at known thicknesses and at the film/substrate interface (153). If the worn area is illuminated with a laser, the spectrum of scattered light can be monitored to detect the exposure of the buried, rare-earth doped materials that give off distinctive and intense spectra, allowing a truly smart, reversibly adaptive, wearresistant system.
CONCLUSIONS
Chameleon coatings, which exhibit automatic structural and chemical adaptations to the ambient environment, have been established as a means of reducing friction and wear over broad ranges of cycled environmental conditions, promoting aerospace innovations that were previously inhibited by a lack of available lubricants capable of operating in the anticipated extreme environments. Modern materials characterization techniques, such as in situ electron microscopy and high-energy X-ray diffractometry, have provided invaluable insights into fundamental mechanistic questions left unanswered for decades owing to the nature of tribological studies, in which the necessary information often lies within several atomic layers of a buried interface-certainly a www.annualreviews.org • Chameleon Coatingschallenging region to characterize. Applications demanding expansion of the current temperature range beyond 25-800
• C and increased numbers of thermal cycles are currently driving further research in adaptive nanocomposites. Although we are some time away from finding cans of lubricant delivering MoS 2 -in-vacuum-like performance (for which millions of cycles without failure are commonplace) throughout cycled temperature and humidity extremes at the hardware store, accelerated progress is being made in this area with advances in instrumentation and methods currently in use to characterize adaptive lubrication and to expand the current limits in order to meet the demands of future aerospace applications.
SUMMARY POINTS
1. Solid lubrication is necessary in many space applications and at elevated temperatures.
2. Common solid lubricants have strong environmental sensitivity and can be used within only a narrow range of conditions.
3. Incorporating multiple solid lubricants that are well-suited for different environments in a hard matrix can yield reversible surface chemistry and morphology during the wear process, resulting in lubrication throughout a broader range of ambient environments.
4. If the lubricant inclusions are nanoscopic, the hardness and toughness of the composite lubricant materials can be increased, which can be useful for reducing both friction and wear.
5. Consideration of lubricant-lubricant and lubricant-environment interactions is a tool that can increase the range of operating parameters for composite solid-lubricant coatings.
6. Temperature-adaptive composite materials exhibiting diffusion-based and oxidationbased mechanisms can be used over multiple thermal cycles in microlaminate architectures, in which diffusion barrier layers separate volumes of solid lubricant.
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